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Abstract
The paper deals with the seismic stability assessment of an
existing zoned earth dam using a fully-coupled effective
stress non-linear approach implemented in a finite element
(FE) code. The mechanical behaviour of soils forming both
the core and shells is described through advanced elasto-
plastic constitutive models, calibrated on experimental results
relative to the embankment materials. As the initial stress 
state and model internal variables play a crucial role on the
results of the dynamic simulations, appropriate FE static
analyses of the dam are performed prior to the application of
the seismic motion at the bedrock. Finally, the stability of the
dam during and after two different earthquakes is evaluated.
Introduction
The construction site of a number of earth dams and
embankments, build all over the world, was considered as
non-seismic in the past. Related to this, recent evolution of 
the seismic hazard mapping imposes to carefully assess - or
re-assess - the dynamic stability of a significant number of
existing structures. In fact, consistently with modern
performance based approaches, the analysis of the effects of 
seismic loads on the stability and serviceability conditions
becomes crucial to safely manage such existing earth dams in
the future.
To perform advanced dynamic FE analyses of this class of
geotechnical structures, the fully-coupled effective stress
formulation for the solid-fluid interaction [1]-[2] has received
increasing attention in recent years (e.g. [3]-[4]-[5]-[6]). At 
the same time, it is relevant to describe with appropriate
constitutive models the essential features of the mechanical
behaviour of soils when subjected to cyclic loading, such as 
state dependency, early irreversibly, non-linearity, build up 
of excess pore water pressures, evolution of microstructure
(de-structuring) and related decrease of nominal stiffness
(e.g. [7]-[8]-[9]). With this respect, a number of advanced 
models have been proposed in the framework of Critical
State Soil Mechanics, all developed adding complexity to the
classical single surface Cam-Clay law, to capture the soil
response under both monotonic and cyclic loading conditions 
(e.g. [10]-[11]-[12]). The implementation of these non-linear
constitutive models into numerical codes has, therefore,
significantly improved the prediction capabilities of the
stress-strain response of large dams during static service
conditions and under seismic loading (e.g. [13]-[14]-[15]-
[16]-[17]).
In this paper the dynamic behaviour of an existing zoned
earth dam is studied using a fully-coupled non-linear
approach. The constitutive assumptions for the core and the
shells of the embankment are the Model for Structured Soils 
(MSS) [18] and the Pastor-Zienkiewicz Mark III model (PZ3)
[19], respectively. In the first part of the note the geometrical
and geotechnical characteristics of the dam are introduced,
together with a brief discussion of the constitutive models
calibration procedure, based on laboratory ad in-situ tests
results.
In order to define the initial stress state and the
corresponding values of the models internal variables,
appropriate FE static analyses were performed to simulate a 
simplified geological history of the deposit, the dam
construction stages and the reservoir impounding before the
application of the input seismic signal at the bedrock level. In
the final part of the paper, a class A prediction of the
dynamic response of the dam under two different seismic
motions is illustrated in terms of signal amplification,
permanent excess pore water pressures and cumulated
displacements during the seismic action. The behaviour of
the dam is also analysed during the consolidation stage at the 
end of the earthquake action.
The San Pietro dam 
The earth dam studied in the present work is located in 
Campania, southern Italy, along the Osento stream, between
the towns of Aquilonia (AV) and Monteverde (AV).
Figure 1: The San Pietro dam
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The embankment (Figure 1) was built between 1958 and 
1964, using clayey silts of low plasticity for the core and 
granular soils for the shells. It has a volume of 2.2 Mm3 and 
retains 17.7 Mm3 of water with a freeboard of 2.0 m at the
maximum impounding level of the reservoir. With reference 
to its main cross-section, the dam is 49 m high and has a base
of 250 m; it overlays a foundation soil composed by a first
layer of alluvial gravels, with an average thickness of 7 m,
and a deeper stiff overconsolidated flysch deposit. The
drainage system consists of two sub-vertical drains
interposed between the clayey core and the shells. The 
alluvial layer’s mechanical properties were improved by
concrete injections, also reducing its permeability. Moreover,
an impervious concrete diaphragm, located in the alluvial
layer along the centre line of the dam, prevents the seepage
flow underneath the embankment.
To improve the geotechnical characterization of the site and 
analyse the dynamic response of the dam, a new geotechnical
investigation was recently carried out: in particular, 31 
undisturbed samples, obtained from five boreholes performed
along the dam crest, the downstream slope and outside the
dam on the downstream side, were tested in the laboratory.
Moreover, five cross-hole (CH) tests were performed close to
the boreholes, while two CPT and three SCPT tests were 
performed along the dam crest and the downstream slope.
The mechanical characterization of the different materials is 
described in detail by [20]; the main experimental results
have been used in this work to calibrate the constitutive
models adopted in the static and dynamic numerical
simulations. Specifically, for the core material the results of
oedometer tests and undrained triaxial compression tests have 
been used to calibrate the MSS model for static loading
conditions, while cross-hole, resonant column (RC) and
bender element (BE) tests have been used to assess the small-
strain shear stiffness profile along the dam axis and to
calibrate the model parameters for cyclic and dynamic loads.
The PZ3 model has been calibrated with reference to the in-
situ test results relative to the gravel adopted for the shells of
the dam.
A detailed description of the models calibration for the soils
involved in the FE analyses is reported in [21].
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Figure 2: Comparison between experimental results of 
resonant column tests performed on the silty clay soil of the
dam core and the computed response with MSS
As an example, Figure 2 shows the experimental results
obtained from different RC tests performed on the silty clay
soil of the dam core in terms of normalized shear modulus
G/G0 and normalized excess pore water pressure !u/p"0
(where p"0 is the mean effective consolidation pressure) with
shear strain  . The corresponding predictions of the MSS
model, reported in the same figure with dashed lines, are in
reasonable agreement with the experimental results. 
Finite element model and static analysis results 
The numerical analyses of the San Pietro dam have been 
performed with the FE code SWANDYNE II [22]. It
implements the fully-coupled Biot [1] dynamic equations
using the u-p simplification [2] (where u is the skeleton 
displacement and p the pore pressure), i.e. assuming that the
fluid acceleration relative to the solid skeleton is negligible. 
The employed mesh is shown in Figure 3. 
The CH measurements indicate that the bedrock formation
can be identified at a depth of 25 m below the base of the
embankment: therefore, a foundation soil deposit composed
of 7 m of alluvial gravels and 18 m of flysch has been 
considered in the numerical simulations. A mesh of 894
isoparametric quadrilateral finite elements with 4 solid and 4
fluid nodes has been used, assuming plane strain and free
draining condition for all the analyses. The solid nodes at the
bottom of the mesh have been fixed in both vertical and 
horizontal directions during the static stages of the analyses,
while the nodes on the lateral sides of the mesh have been 
fixed in the horizontal direction only throughout the same
stages.
Figure 3: The FE mesh
As discussed in the previous section, the mechanical
behaviour of both the core and shells materials has been
modelled using advanced constitutive assumptions. The
internal variables of these models allow to keep trace of the 
material anisotropy, non-linearity and irreversibility and, 
therefore, play a key role in the simulated dynamic behaviour
of the dam. As such, the adopted constitutive models have to 
be initialized consistently with the previously experienced
stress history of the soils. For this reason, appropriate static 
FE analyses have been preformed, before the application of 
the seismic action at the bedrock level, to reproduce a 
simplified, though realistic, geological history of the deposit,
the following dam construction and the subsequent reservoir
impounding stages.
The contour lines of pore water pressures, obtained at the end 
of the seepage analysis imposing a reservoir level 4.5 m
below the crest, are reported in Figure 4: the maximum value
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of suction attained in the upper part of the dam is equal to 20
kPa at the crest. 
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Figure 4: Contour lines of pore water pressures at the end of 
the seepage analysis 
Once the analyses of the geological history of the deposit, the
dam construction and the reservoir filling have been
completed, the stress states and the values of the internal
variables of the constitutive models have been checked to be
consistent with those assumed in the model calibration phase.
At this scope, the profiles of the initial shear modulus with 
the mean effective stress predicted by the employed
constitutive models at end of the static analyses are shown in
Figure 5: for the core clayey soil, the computed values of the 
small-strain shear modulus represent a reasonable
compromise between the experimental values obtained by the
BE tests and the ones observed during the cross-hole
measurements, which are usually higher (Figure 5a). In the
case of the shells granular material, for which no BE tests
were available, the G0 computed values are close to the lower
bound of the CH measurements (Figure 5b). 
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Figure 5: Measured and computed G0 profiles with p" relative
to a) the core and b) the shells of the embankment
Figure 6 shows the settlement profiles [23] computed along
two verticals through the dam core (Figure 6a) and the
downstream slope (Figure 6b): the obtained settlements at 
different depths are in good agreement with the values
measured during the embankment construction (also reported
in the same figure with solid lines and named A5, A7, A9
and A10), thus validating the calibration of the two
constitutive models.
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Figure 6: Comparison between the observed settlements and
the FE analysis profiles obtained along a) the core and b) the
shells of the embankment
Dynamic analysis results 
The dynamic behaviour of the San Pietro dam has been 
studied applying two different input motions at the base of 
the embankment, i.e. neglecting the wave propagation in the
dam foundation deposit. The first seismic motion represents
the E-W horizontal component of the accelerogram
registered at Bisaccia (AV) during the earthquake of 
November 1980, while the second is an artificially generated
earthquake. Their main characteristics are summarized in
Table 1 in terms of maximum acceleration (amax) and velocity
(vmax), bracketed duration (TD) and Arias intensity (IA).
TABLE 1: INPUT MOTIONS CHARACTERISTICS
Accelerogram amax (g) vmax (m/s) TD (s) IA (m/s)
Real 0.35 0.65 69.6 4.4
Artificial 0.41 0.38 26.4 4.1
The FE dynamic simulation performed using the real
accelerogram has a time length of 80 s, while the seismic
response of the embankment subjected to the artificial
earthquake has been studied for a duration of 40 s, using a
time step of 0.01 s in both cases.
A Generalized Newmark time-stepping procedure has been 
used for the time integration during the dynamic simulations,
with algorithm parameters equal to #1 = 0.51 and #2 = 0.515 
for the solid phase and #1
* = 0.51 for the fluid phase, in order 
to obtain an unconditionally stable time-step scheme [2]. The
small numerical damping introduced by these values has
proved not to be sufficient to remove spurious high
frequencies due to the finite element discretisation. Related to
this, a Rayleigh damping equal to 3% has been added in the
FE dynamic simulations of the dam. This latter choice also
compensates a limitation of the assumed constitutive models:
differently form the response observed in laboratory RC
tests, the predicted hysteretic damping is close to zero for
cycles characterized by very small amplitude; the realism of
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the predicted response is thus improved adding a small
amount of viscous damping which acts in the very small
strain regime.
Figure 7 shows the comparison in terms of Fourier spectra
between the input motions applied at the base and the
corresponding acceleration time histories computed, during 
the two simulations, along the dam axis at the crest of the
embankment. The results point out the amplification of the
seismic signal occurred in both cases between the base and 
the crest. The Fourier spectrum of the acceleration time
history recorded at crest using the real input motion shows 
two peaks at 0.5 Hz and 1.1 Hz, corresponding to the
dominant frequencies of the base signal, and the maximum
peak at 2.6 Hz, representing the first natural frequency of the
system (Figure 7a). The same value of the dam fundamental
frequency appears to be excited by the artificial earthquake:
from Figure 7b it is evident that the highest amplification
effect of the input signal occurs again at 2.6 Hz. 
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Figure 7: Fourier spectra obtained applying at the bedrock 
level a) the real and b) the artificial input motion
The results of the fully-coupled dynamic simulations are
summarized in Figure 8 in terms of profiles with non-
dimensional depth z/H of the ratio amax/abase between the 
maximum acceleration recorded along the dam axis and the
base input value. In both the analyses, the profiles are 
characterized by a significant amplification of the seismic
signal at the crest of the dam. In the case of the real input
motion, the peak acceleration at the crest is equal to 0.93 g, 
while applying the artificial earthquake the corresponding
maximum acceleration is equal to 0.81 g, with a
magnification factor of about 2.3 over the peak base
amplitude in both cases. Moreover, the results are consistent
with those obtained from the response analyses of different
dams reported in the literature [24] whose envelope is 
indicated in the same figure with the shaded area. 
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Figure 8: amax/abase profiles computed with the FE analyses 
and comparison with literature results
The contour lines of horizontal and vertical displacements
obtained at the end of the real earthquake simulation are 
shown in Figures 9a and 9b, respectively. In these figures
and the following ones, the horizontal displacements are 
positive when oriented from left to right while the vertical
displacements are negative when directed downwards. The 
advanced constitutive assumptions adopted in the FE analysis 
allow to realistically simulate the non-linear and irreversible
response of the soils subjected to the dynamic action, leading
to a final permanent horizontal displacement of the crest 
equal to 0.29 m and a maximum crest settlement of 0.68 m,
essentially due to plastic strains accumulation throughout the 
shaking.
The maximum crest settlement relative to the dam base
induced by the earthquake is equivalent to the 15% of the
service freeboard (4.5 m) and to the 34% of the freeboard at
the maximum impounding level of the reservoir (2.0 m).
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Figure 9: Contour lines of a) horizontal and b) vertical
displacements obtained using the real input motion
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Similar results have been obtained in terms of final
permanent horizontal and vertical displacements when the 
artificial input motion is applied at the base (Figure 10): in
this case, the crest horizontal displacement is equal to 0.35 m,
while the maximum crest settlement is equal to 0.77 m,
equivalent to the 17% of the service freeboard and to the
38.5% of the freeboard at the highest impounding level.
In both the FE dynamic simulations, the overall behaviour of 
the dam in terms of displacements points out a greater 
deformation pattern of the downstream slope with respect to
the upstream one, but does not show a clear indication of the
occurrence of a failure mechanism inside the embankment.
As the seismic actions applied at the base of the dam are very 
demanding (representing two “near field” earthquakes), the
results can be considered indicative of a satisfactory dynamic
performance of the embankment in these extreme conditions. 
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Figure 10: Contour lines of a) horizontal and b) vertical
displacements obtained using the artificial input motion
A significant advantage of the fully-coupled non-linear
approach adopted in this study is that it is based on effective
stress analysis, accounting for the dynamic interaction
between the soil skeleton and the pore fluid. The employed
FE code allows the user to monitor the pore pressure regime
everywhere in the mesh during and after the earthquake
action.
The evolution with time of the excess pore water pressures 
computed during the two FE dynamic analyses in the two
fluid nodes I and L (both placed in the dam core, along its 
axis, at a depth of 19 and 34 m from the crest, respectively) is
reported in Figure 11: in both cases, positive excess pore
pressures cumulate at node L, with a maximum value of 250 
kPa when the real accelerogram is applied at the base. On the
contrary, the excess pore pressures generated by the two
earthquakes at node I are negative, reaching a peak value of 
about -300 kPa during the real input motion analysis. This
result is related to the initially strongly overconsolidated state
of the core material at 19 m depth from the crest, as a 
consequence of the simulation strategy selected to
numerically reproduce the compaction procedure adopted in
the construction of the core. 
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Figure 11: Excess pore water pressure time histories along
the dam axis computed applying a) the real and b) the 
artificial input motion
In any case, the cumulated pore water pressures tend to
dissipate after the end of the seismic actions.
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Figure 12: Contour lines of consolidation settlements relative
to a) the real and b) the artificial input motion analysis
This latter consolidation process, once simulated
numerically, leads to negligible additional vertical
displacements of the downstream slope and dam core, as 
indicated in Figure 12.
Conclusion
The presented work highlights the possible benefits deriving
from the use of a fully-coupled effective stress non-linear
approach in the analysis of the dynamic response of large
earth embankments: the advanced constitutive models and
the soil skeleton-pore fluid dynamic interaction scheme
adopted in the simulations allows to reasonably estimate the
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permanent displacements of the dam and the development of 
excess pore water pressures inside the structure during the 
seismic action, providing a realistic prediction of the 
additional settlements due to consolidation. 
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